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DETERMINING SATURATION AND
PERMEABILITY USING MERCURY CAPILLARY
PRESSURE CURVES

This i1s a continuation, of application Ser. No.
727,462, filed Apr. 26, 1985, now abandoned.

BACKGROUND OF THE INVENTION

The present invention relates to a method and appara-
tus for determining the characteristics of reservoir
rocks and particularly, the characteristics of core sam-
ples that are removed from reservoir rocks.

One method that has been used for determining the
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characteristics of reservoir rocks is the measurement of 15

capillary pressure. In particular, the mercury capillary

pressure response of the reservoir rock has been mea-
sured from which estimates have been made of the
permeability of the rock as well as the pore volume.
One mercury capillary pressure method and apparatus
1s described in U.S. Pat. No. 2,604,779. In this method
the rock sample or core is placed in a closed vessel, the
vessel 1s evacuated and then partially filled with mer-
cury to cover the core. Mercury is then forced into the
vessel at a constant pressure while plotting the volume
of mercury versus the pressure in the vessel. This pro-
vides a plot of the mercury capillary pressure versus
volume of the core from which various core character-
istics may be determined. For example, total pore vol-
ume and an indication of the permeability of the core
can be determined.

In an article appearing in the Journal of Geophysical
Research, Volume 71, No. 12, June 15, 1966, at pp.
2911, entitled “Flow of Fluids Through Porous Medi-
ums”, there is described experiments with air/water
interfaces moving through simple synthesized permea-
ble specimens. The authors observed that the interface
did not move continuously through the synthesized
sample but rather in a non-continuous manner from
pore to pore. The abrupt movements of the interface
resulted in pressure drops in the pressure measured in
the sample holder.

While the authors observed the non-continuous man-
ner in which the interface moved through the synthetic
permeable specimen, they did not utilize actual rock
samples. Furthermore, they relied upon air/water inter-
faces. For the results to be useful the interface must be
conventional water/oil interface that occurs in reser-
voir rocks or mercury/air interface. Further, the pores
that occur in reservoir rocks are smaller than those
present in the authors’ synthetic sample by a factor of at
least 10 to 100. The equipment and procedures used by
the authors would be incapable of measuring the pres-
sure and volume changes occurring in an actual rock
sample.

SUMMARY OF THE INVENTION

The present invention is based on the discovery that
by using extremely slow injection rates and making
accurate measurements of both the volume and pressure
of the displacing fluid that is injected, one can detect the
pressure at which the displacing fluid breaks through to
each subison pore system in the rock sample. The inven-
tion utilizes these measurements of the volumes of subi-
son pore systems to yield the saturation of the non-wet-
ting phase in the rock sample and the residual saturation
from a given initial saturation. The data also is utilized
to predict the absolute permeability of the sample as
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well as the value of Archie’s exponent m and the forma-
tion resistivity factor F used in Archie’s equations that
have, since 1942, been used to calculate oil and/or
water saturations in clean sands. Archie’s original em-
pirical relations were modified by Waxman-Smits equa-
tions described in “Electrical Conductivity in Qil-Bear-
ing Shaly Sands”, Waxman-Smits, 1968 SPE Journal,
June, pp. 107-122. Both the Archie and the Waxman-

Smits equations require determination of the formation
resistivity factor F and Archie’s exponent m.

The apparatus of the present invention is an improve-
ment over that previously used in that it permits very
slow controlled injection rates in combination with
means for accurately measuring both the injected vol-
umes and pressures. Further, the sample holder has been
modified to provide a leak-tight vessel without the use
of gaskets or other sealing means. The elimination of
gaskets removes a large source of error in previous
equipment used for making capillary pressure measure-
ments.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be more easily understood
from the following detailed description of the preferred
embodiment when taken in conjunction with the at-
tached drawings in which:

FIG. 11s a typical capillary pressure plot with a por-
tion of the curve enlarged.

F1G. 2 1s the portion of the curve that is enlarged in
FIG. 1 shown to a larger scale.

FI1G. 3 1s a block diagram of an apparatus suitable for
performing the present invention.

DESCRIPTION OF PREFERRED EMBODIMENT
Referring now to FIGS. 1 and 2, there is shown a

‘mercury capillary pressure curve and a portion of the

curve enlarged. In FIG. 1 the mercury saturation in-
creases to the left while the mercury capillary pressure
Increases in a “Y” direction. This is a typical curve from
a formation rock, for example, of Berea sandstone and
shows for low saturations, the pressure increases very
slowly but with increasing mercury saturation the pres-
sure increases rapidly. Also shown in FIG. 1 is an en-
largement of a small portion of the curve showing the
pressure drops 10 and 11. The pressure drops are the
result of the mercury passing through the throat of a
pore and flowing into the pore space. As the mercury
flows into the pore space the pressure decreases rapidly
until the pore starts to fill at which time, the pressure
then increases at a steady rate to approximately its initial
value before breaking through the throat of the pore.
The enlarged portion of FIG. 1 is shown to an even
larger scale in FIG. 2 where the various portions of the
curve are labeled. In particular, the rising portion of the
capillary pressure curve to previously unattained levels
is referred to as a rison. On the other hand, the rising
portion of the capillary pressure curve to previously
attained levels is referred to as a subison, while the
decreasing pressure portion of the curve is referred to as
a rheon. The volume between the point at which the
pressure initially decreases and the point at which it
again achieves its original value is the volume of a subi-
son pore system. A subison pore system consists of only
a rheons and subisons. If the horizontal distance of each
pore system were summed, one would obtain the vol-
ume of the pore system of the sample or more particu-
larly the trapping pore volume. The trapping pore vol-



o ofSI

3

4 625 544

' 'f-ume is the vclume of the pore system that can hold |

"~ hydrocarbons after waterflooding.

From the above description it can be seen that the !

. after a waterﬂccd can be predlcted frcm the fcllcwmg
L equatlcn | | |

Spwr = ——

wr i ?P |
_ where ngr.—. total SllblSOIl pore system vclume -
_and Vp:total pore volume of sample. |
~ The above relationship holds true for any strcngly
water-wet system which would be present after a wa-

~ S;by summing the volume of all the given subison pore

o trapped saturation of the non-wetting phase Sy, fluid
S

S, = sT | ()

A

where N3=uumber of _subiscn perej _syStems. | |
- All of the above data can be obtained from accurate
~ measurements of the volumes and the pressures during
B ¢Y)
10

a single capillary pressure measurement using the appa-

_ ratus of this invention. For example, if the core is first

evacuated and then mercury forced through the core

| unul it 18 completely saturated to obtain a complete -

: mercury capillary pressure curve, both the total pore '

~ volume as well as the volume of each subison will be

- converter, while the volume is measured with an accu-

| 15 ‘obtained. The pressure is measured with an accuracy of
~ terflood type of recovery. One could also predict the "~
- residual saturation S,if one knows the initial saturation

better than 1 part in 104, using a 16-bit analog-to-digital

- racy of 1 part in 106 and the measured values converted

- systems, that wculd be. saturated at an mltral saturatlcn' |

g @
L SéS;' 2
where Sp the Volume cf a smgle sublson pcre system

o and Sy=initial saturation.

- 20

Similarly the permeabllrty K of the fcrmatlcn can be

. | _'derwed frcm the follcwmg eXpressmn

k'—'477¢27—-——-_- o | |
| I rT Prz _- |
~ where

cb—-pcrcsrty of the sample
. N,=number of measured risons
 Vyi=volume of a grven rison -
-~ V,r=total volume of risons
- P,=entry pressure of rison

 The model equatlcns for the permeabrllty are denved--
by recognizing that the distribution of risons governs

~the flow of fluid, i.e. permeability. Each rison can be

30

35

' ~considered as a capillary tube of a diameter equal to the

- entry diameter (which can be calculated from the entry
~  pressure) and with a volume equal to the rison volume.

- Thus, the permeabrllty can be determined from the
distribution of risons represented as capillary tubes in
- parallel over a wide range of different diameters.

Likewise, the Archie’s exponent m and the fcrmatlcn
- resistivity factcr F can be calculated frcm the follcwmg

o _-equatlcns

1 + log [Vyr/2 V)l
) 73
F= -‘PVrT "

._m.=

“These equatlcns fcr m and F are calculated as w1th__

the permeablhty, from the risons represented as capil-
lary tubes in parallel. The total conductivity is then the

~ sum of the conductivities from each tube. The angular
- dependence disappears because each rison is assumed to

@
O

‘subisons.
- readily performed

“to a digital quantity, the required calculations can be

performed in a small computer or specialized processor..

" Since the measurements are in digital form, it willbea

“simple matter for the processor to detect a decrease in
pressure mdlcatmg a rheon as shown in FIG. 2. The
- processor can sum the volume until the pressura again

,5 Teaches the value it had at the time that it entered the

pore space to determine the total volume of all the
The remaining calculatlcns can then be

Referring to FIG. 3, there is. shewu an instrument

. s_ult_able for carrying out the above measurements with
the accuracy required. In particular, there is shown a

- sample holder 10 which is formed of two cup-shaped
“members 11 and 12. The mating surfaces 13 and 14 of

- the cup-shaped surfaces are ground and lapped so that.
they will form a fluid-tight seal without the addition of = .

any sealing material or gaskets. The presence of gaskets
or sealmg material will produce faulty results since the

voids in gaskets, such as O-rings, or sealing-materials
‘can contribute to the volume of the pore spaces that are
being measured. In order to effect the seal between the
two mating surfaces, the two units should be bolted
together with the tension on the bolts being accurately

measured as by means of torque wrenches or similar

- devices. The sample holder is prcwded with a line 20

45

50
o caplllary pressure curve.

and a valve 21 which is coupled to a source of suitable -~

vacuum. This permits the sample holder and the core

~ material to be completely evacuated before the mea-
‘surements are started. Prior to evacuating the chamber
and the core material the chamber should be filled toa

level 16 with a fluid thch 1s tc be used tc obtam the- |

A pressure intensifier 30 is used fcr applymg pressure

- to the fluid used in the capillary pressure measurements.
‘The pressure intensifier 1s preferably a positive displace-
ment piston type, pump which is driven by actuating
‘means 31. Preferably, the actuating means takes the
‘rotary motion from the speed reducer 32 and convertsit
to linear motion for dnvmg the piston of the pump unit. -
‘The speed reducer in turn is driven by a synchronus
‘motor 33 whose rotation is determined by a shaft/en-

- coder 34. The speed reducer should have a speed reduc-

~ have an isotropic contribution. Thus, the sum of the

~conductivities amounts by cancellatlcn to _]ust the tctal
rison volume, V,1. |

‘The average pore vclume can be calculated from the:_

' fcllcwmg eXpressmn

65 ..
- of approximately 1X 10—5 cc/sec. or less. The pressure

- tion of apprcxrmately_ 1000 to 1 when using the conven-
- tional 3600 rpm motor and the actuating means 31 -

should convert this rotary motion into a linear move-
ment of the piston that provides a fluid dlsplacemment |

in the sample holder is detected by a pressure trans-
ducer 40 havmg an accuracy of better than 1 part in 104 .
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with the signal being amplified by an amplifier 41 up to

1000 times. The amplified signal is supplied to a 16-bit
analog-to-digital converter 42 which converts the ana-
log signal to a related digital signal. The digital signal is
supplied to both a data acquisition and processing unit
43 as well as to a digital-to-analog converter 44 whose
signal is recorded on a chart recorder 45. In particular,

the digital-to-analog converter 44 uses only the first 10
bits of the data word from the converter 42 for display
on the chart recorder. In particular, the 10-bit signal is
displayed full scale on the chart recorder and upon the
occurrence of the 11th bit in the data word from the
converter 42, the converter 44 resets the chart recorder
to 0 so that 1t can again be used full scale for displaying
the first 4 bits of the analog-to-digital converter 42.
This, in effect, provides an accuracy of 1 in 65,000 for
the data recorded on the recorder 45. The data acquisi-
tion processing unit 43 also receives data from the shaft
encoder 34 and can make the calculations described
above. In particular, the shaft encoder should provide
an output signal related to the position of the motor
shaft which when correlated with the volume supplied
by the pressure intensifier 30 provides an overall accu-
racy of at least 1 part in 106.
This system 1s operated in much the same manner as
the system described in the patent referred to above. In
particular, the sample holder is opened and the core
material or other sample placed in the sample holder
and the sample holder then assembled. The sample
holder is partially filled with a displacing fluid, for ex-
ample mercury, and then evacuated through line 20.
After evacuation, the pressure on the the mercury is
increased by the intensifier 30 while the measurements
are made. Once the measurements are obtained, the
various characteristics of the core material described
above can be readily computed.
What is claimed is:
1. A method for determining a preselected character-
istic of a porous body, comprising:
confining a portion of said body in a closed zone,
evacuating said zone and pore spaces of said body to
a high vacuum,

admitting a fluid into said zone to a level above said
body to completely immerse said body in said fluid
and fill said zone with said fluid,

continuously injecting additional fluid into said zone

at a preselected rate,

substantially continuously noting pressure changes of

sald fluid in said zone and the volume of fluid in-
jected into said zone,
determining rheons, subisons and risons from said
noted pressure changes and injected volumes, and

determining said preselected characteristic of said
body from said noted pressure changes, said noted
injected volumes, said determined rheons, said
determined subtsons, or said determined risons, or
from combinations thereof.

2. A method for determining a capillary pressure
curve for a porous body, comprising:

confining a portion of said body in a closed zone,

evacuating said zone and pore spaces of said body to

a high vacuum,
admitting a non-wetting fluid into said zone to a level
~above said body to completely immerse said body
in said fluid and fill said zone with said fluid,

continuously injecting additional fluid into said zone

at a preselected rate,

6

substantially continuously noting pressure changes of
said fluid in said zone corresponding to the volume
of fluid injected into said zone,

determining subisons and risons from said noted pres-
sure changes and injected volumes, and

determining said capillary pressure curve from said
determined subisons, risons and noted pressure
changes.

3. A method for resolving pore spaces in a porous

10 body, comprising:
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confining a portion of said body in a closed zone,

evacuating said zone and pore spaces of said body to
a high vacuum,

admitting a non-wetting fluid into said zone to a level
above said body to completely immerse said body
in said fluid and fill said zone with said fluid,

continuously injecting additional fluid into said zone
at a preselected rate,

substantially continuously noting pressure changes of

said fluid in said zone corresponding to the volume
of fluid injected into said zone,

determining subisons and risons from said pressure

changes and injected volumes, and

determining said resolved pore spaces from said de-

termined subisons and risons.

4. A method for determining characteristics of a po-
rous body, comprising:

confining a portion of said body in a closed zone,

evacuating said zone and pore spaces of said body to

a high vacuum,
admitting a non-wetting fluid into said zone to a level
above said body to completely immerse said body
in said fluid and fill said zone with said fiuid,
continuously injecting additional fluid incrementally
into said zone at a preselected rate, and
substantially continuously determining subisons and
risons. -

d. A method as described in claim 4, wherein said
characteristic is residual saturation, and further com-
prising:

measuring the total pore volume of said body.

6. A method as described in claim 4, wherein said
characteristic is residual saturation, and further com-
prising:

determining the initial saturation of said body.

7. A method as described in claim 4, wherein said
characteristic is permeability, further comprising:

measuring the entry pressure for each rison of said

body.
8. A method as described in claim 4, wherein said
characteristic is Archie’s lithological exponent, m, for
said body. |
9. A method as described in claim 4, wherein said
characteristic is the resistivity factor, F, of said body.
10. Apparatus for determining characteristics of a
porous body, comprising:
sample holder formed from two cup-shaped members
detachably secured together to create a hollow
holder for containing in said holder, said body,
with the mating surfaces of said two cup-shaped
members having ground surfaces to form a leak-
tight seal therebetween, .

positive displacement pump interconnected with said
sample holder for injecting a fluid into said holder,

drive means interconnected with said pump to pro-
vide a preselected flow rate into said sample
holder,



- 'ﬁrst means lnterccnncctcd w1th said pump for detcr— |

“mining the vclume cf fluid m_]ected mtc said holder

by said pump,

" seccnd means 1ntcrc0nnectcd with said samplc

“holder, for ‘measuring the pressure thercm and

- 'prcccssmg means for analyzmg data from said first

and second means to dctcrmmc said charactcrlstlcs

N sald first means has an accuracy of at least 1 part in 106,

3
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104

thcr comprising:

- recording means for rcccrdlng data frcm sald ﬁrst_ o

and second means. |
~ 14. The apparatus as dcscrlbcd in clalm 10 wherein
‘said drive means operates to prcwdc a flow rate less

11. The aPPﬁfatUS as described in claim 10, wherein 10 than about 1X 10— cubic centimeters per second

* &
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- 12. The apparatus as descnbed in clalm 10, whcrem o
| sa:id second means has an accuracy cf at lcast 1 part in

- 3

13. The apparatus as descrlbcd ln clalm 10 and fur-' |
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